(P0). cells and their precursors, initially detected along pe-
Of the first 132 P0 pups, 22% were dead, and all dead ripheral nerves, do not survive in the periphery. Thus, pups were homozygous nulls. Careful observation of nerve-derived CRD-NRG-1 isoforms coordinate interacseveral births revealed that CRD-NRG-1 Ϫ/Ϫ pups were tions between neuron, glia, and postsynaptic target that born alive but were limp and exhibited prominent head are essential for establishing mature synapses. and forelimb drop ( Figure 1D ). These pups lacked detectable limb movement, whether spontaneous or in reResults sponse to manual stimuli, did not breathe, and rapidly became cyanotic and unresponsive to all stimuli despite Homologous Recombination to Disrupt the Expression the presence of a heartbeat for several minutes after of CRD-Containing NRG-1 Isoforms birth. Histological analysis confirmed that in newborn The entire N terminus of CRD-containing NRGs (from CRD-NRG-1 Ϫ/Ϫ mice, lung alveoli failed to expand, conthe initial methionine to the EGF-like domain) is encoded firming that these pups never inspired (Figure 1Ea verin one exon that is spliced into exon 6, encoding the N sus 1EaЈ). Functional innervation is required for normal muscle development and maintenance (Ashby et al., 1993). On gross examination, mutant P0 diaphragms were extremely thin compared with controls. This decrease in mass was accompanied by an ‫%05ف‬ decrease in muscle fiber number (9.77 fibers/mm 2 in mutants compared with 20.9 fibers/mm 2 in controls) and an increase in prominent, centrally located nuclei resembling those seen in myotubes (from Ͻ1% of nuclei in controls to 30% in mutants; Figure 2b versus 2bЈ) . This abnormal distribution of mutant muscle nuclei was in stark contrast to the elongated, eccentric, and peripheral nuclei of controls and was also evident in teased muscle fiber preparations (data not shown).
Despite the lack of a phrenic nerve plexus or completely matured diaphragm muscle, aspects of synaptogenesis were seen in mutants. We examined the distribution of two markers of postsynaptic maturation of the neuromuscular junction-clusters of AChRs and expression of acetylcholinesterase (AChE; Hall and Sanes, 1993) . Normally, at P0, AChRs, visualized by fluoresceinconjugated ␣-bungarotoxin (␣BgTx), and AChE deposits, visualized by histochemical staining, were organized in high density clusters tightly arranged in a narrow band beneath nerve terminal arbors. This band formed a distinct "endplate zone" at the sites of phrenic nervediaphragm muscle synapses (Figures 2c and 2d) . The bands of AChR clusters and AChE were abnormally broad in CRD-NRG-1 Ϫ/Ϫ mice (257 Ϯ 56 m versus 123 Ϯ To confirm that nerve-muscle synaptogenesis had be- phrenic nerve in mutants extended to the nerve terminals entering the endplate zone (Figure 2fЈ ). In control ani2a). This main intradiaphragmatic phrenic nerve plexus mals, E14.5 nerve terminals separate from higher order was not found in P0 CRD-NRG-1 Ϫ/Ϫ mice (Figure 2aЈ) . nerve branches at regular intervals, creating a distinct endplate zone (Figure 2f ). In mutants, the nerve terminals Rarely, we detected abnormally thin nerve fibers that Figures 4a versus 4aЈ, and 4b) . In
Using an anti-PGP9.5 antibody to stain all peripheral contrast, no significant difference existed in the number nerve fibers (Rice et al., 1998), we examined the cutaneof VAT ϩ cells between wild-type and mutants at E14.5, ous sensory projections in older animals. At E14.5, when motor projections were present but morphologi-PGP9.5 ϩ /VAT Ϫ fibers were present in skin from the lower cally abnormal in mutants (Figure 4b) . Therefore, the thoracic dermatome level of wild-type and mutant emreduction in motor neuron number occurred after nerve bryos, although terminals appeared thinner and more terminal withdrawal. diffuse in mutants (Figure 5d versus 5dЈ) . By E18.5, the normally robust PGP9.5 ϩ nerve fiber staining was virtually absent in mutants (Figure 5e versus 5eЈ) .
CRD-NRG-1 Isoforms Are Required for Sensory Neuron Survival
Small diameter neurons in dorsal root ganglia comprise the majority of cells in the ganglia, elaborate cutaDorsal root ganglia neurons give rise to trunk sensory nerves and express CRD-NRG-1 isoforms from E10.5 neous afferents that convey nociceptive information and with controls (Figure 6c versus 6cЈ) . However, more distally, in mutant E14.5 diaphragms, S100 ϩ cells were abversus 5gЈ). This reduction correlates with the magnitude and timing of the loss of both dorsal root ganglia sent from intramuscular branches of the phrenic nerve, whereas in control diaphragms, S100 ϩ cells lined the cells and skin afferents in mutant embryos. full extent of phrenic nerve branches to the finest terminations (Figure 6d versus 6dЈ) . CRD-NRG-1 Isoforms Are Required for Schwann Cell Survival S100 ϩ cells were absent from other nerve terminals as well. In control E16.5 intercostal muscle, VAT ϩ terminals Developing Schwann cell precursors express the NRG receptors, erbB2 and erbB3, and loss of NRG-1 and opposed to ␣BgTx clusters were S100 ϩ , while in mutants, S100 staining was absent from terminals ( muscle (data not shown). Despite the absence of terminal S100 staining, nuclei of Sox10 ϩ /erbB3 ϩ / S100 ϩ cells gene affected Schwann cell survival along peripheral nerves. ErbB3 ϩ Schwann cell precursors were present were present along dorsal and ventral roots of E18.5 mutants (Figures 6g versus 6gЈ , 6h versus 6hЈ, and 6i along peripheral nerves of CRD-NRG-1 Ϫ/Ϫ mice at E11.5 (Figure 6a versus 6aЈ) , an age when peripheral spinal versus 6iЈ; data not shown). Thus, although the number of Schwann cell precursors appeared to be reduced, nerves still appear normal (Figure 5a versus 5aЈ) . However, the number of erbB3 ϩ cells appeared reduced in and Schwann cells were absent from nerve terminals during neuromuscular junction formation, Schwann cells mutants, in particular along the distal nerve segments (Figure 6a versus 6aЈ) .
were not completely lost in mutants close to dorsal and ventral roots. (Fig7j versus 7jЈ) and N7N (data not shown) . ure 8B). Correctly spliced Ig-containing Nrg-1 mRNAs were present in E14 heart and brain from wild-type and mutant animals ( Figure 8B but not the neo cassette were selected by Southern blot analysis, lumbar VAT-␣BgTx counts, the quadriceps femoris muscle group was dissected out of E18.5 animals and embedded as described confirmed by PCR, and mated to generate neo-less CRD-NRG-1 Ϫ/Ϫ mice. neo-less CRD-NRG-1 Ϫ/Ϫ mice were present at approximately above. Transverse serial sections (12 m) were cut through the entire muscle, and every eighth section was costained with VAT a 1:4 ratio in newborn litters and died shortly after birth from asphyxiation. The phrenic nerve had withdrawn from the diaphragm by antibody and ␣BgTx. Confocal images were acquired of each section, and ␣BgTx clusters both alone and colabeled with VAT ϩ termi-E15.5 and, although present at E14.5, was severely defasciculated. neo-less mutant P0 diaphragms had abnormal distributions of both nals were counted using an IDL5.2 computer analysis program written specifically for this purpose. Total number of ␣BgTx clusters AChRs and AChE deposition. E18.5 intercostal nerves were present with a disorganized endplate zone, and synapse-specific transcripwithout VAT staining/total number of ␣BgTx clusters was determined for each animal. These percentages were then averaged for tion of the ␣ and ␦ mAChRs occurred but was broader than controls. The majority of ␣BgTx AChR clusters in mutant E18.5 quadriceps the three animals per genotype, and the standard deviation was determined. For all counts, three animals of each genotype were femoris muscle did not colabel with VAT motor nerve terminal staining. Dorsal root ganglia loss was not apparent at E14.5 but was processed. dramatic at E18.5. Sox10 ϩ cells were greatly reduced along E13.5 peripheral nerves at all rostral-to caudal levels. S100
g, gЈ, h, and hЈ) H and E staining of transverse sections through E18.5 cervical dorsal root ganglia (drg) (g and gЈ) and dorsal root (h and hЈ). (g and gЈ) Rectangles indicate regions shown at high power in (h) and (hЈ). (h and hЈ) Arrows point to nuclei along dorsal roots. (i and iЈ
ϩ Schwann Histological Analysis and Immunostaining cells were absent from developing nerve terminals opposed to AChR Lung was fixed overnight in 4% paraformaldehyde and embedded clusters at E18.5, but S100 ϩ /erb3 ϩ /Sox10 ϩ nuclei were present in paraffin, and 8 m sections were cut and stained with hematoxylin along E18.5 dorsal and ventral roots. Thus, to the extent that these and eosin (H and E). Diaphragm was sandwiched between liver and neo-less CRD-NRG-1 Ϫ/Ϫ mice have been studied, their phenotype is flash frozen in liquid nitrogen-cooled isopentane, and 6 m sections identical to that of CRD-NRG-1 Ϫ/Ϫ mice containing the neo cassette. were stained with H and E. AChE staining was done as described previously (Karnovsky and Roots, 1964). Whole-mount immunostaining using a monoclonal antibody to ␤-tubulin III (Sigma) was RT-PCR done as previously described (Lumsden and Keynes, 1989). After Total brain/spinal cord RNA was isolated using Trizol (GIBCO-BRL) staining, embryos were dehydrated and cleared in cedarwood oil. following the manufacturer's protocol, and first-strand cDNA was Whole-mount diaphragm staining was done as previously described synthesized with SuperScript II reverse transcriptase following the (Gautam et al., 1996) 
